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Concentrating optical field in an eigenmode with a tiny volume is vitally important for light-
matter interactions at the fundamental level and underpins new technologies. In the past decades,
researchers have investigated various approaches to shrink light and so far managed to reduce the
volume of optical eigenmodes, under the quantum-optical definition, down to several ten nm3.
Here we report on the discovery, characterization and engineering of a class of extremely localized
eigenmodes that are resonances of atomistic protrusions on a metallic host nanoparticle and feature
quantum-optical mode volumes of below 1 nm3. We theoretically demonstrate that these extremely
localized modes can be made bright with radiation efficiencies reaching 30% and provide up to 4×107
times intensity enhancement. The existence of bright eigenmodes with the volume comparable to a
photon emitter foresees exciting new optical physics, such as ultrastrong coupling with single optical
emitters, angstrom-resolution optical imaging, and atomic-scale single-molecule photochemistry.
I. INTRODUCTION
Shrinking optical photons towards the scale of elec-
tron wave function in an atom or molecule is the holy
grail of nanophotonics, with new fundamental science
and technologies envisioned. Owing to the law of
diffraction, the confinement of photons is limited to
∼(λ/2)3 with λ being the wavelength of light. Over
the past decades, the field of nanophotonics has flour-
ished along with the development of various new con-
cepts and techniques to overcome the diffraction limit[1–
3]. Metallic nanostructures have been widely pursued
for concentrating light into nanoscale volumes by mix-
ing fields with conduction electrons, for instance, reso-
nantly, via optical antennas[4] and metal-insulator-metal
nanocavities[5], or non-resonantly, through the lightning
rod effect at a sharp metal termination[6], nanofocusing
with metal tapers[7]. With resonant and non-resonant ef-
fects combined[2, 8], ultrathin metallic gaps have been ac-
tively studied for extreme light concentration[9–13]with
mode volumes reduced down to several hundred nm3, un-
der the quantum-optical definition which characterizes
light-matter interaction strength together with the mode
quality factor[14–16]. More recently, researchers have
investigated experimentally[17, 18] and theoretically[19–
21] individual atomistic features inside an ultrathin gap
for further field localization. The atomistic protru-
sions could naturally occur on metallic host nanopar-
ticles as evident from transmission electron microscopy
measurements[20, 22] or be controllably assembled to
the host[18]. The contribution of the atomistic protru-
sion was recognized as the non-resonant lightning rod
effect on top of the gap-plasmon mode. Theoretical
calculations[17] show such modified gap-plasmon modes
have the quantum-optical mode volumes of several ten
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nm3, still orders of magnitude larger than the typical
size of an optical emitter.
Recent tip-enhanced optical imaging experiments have
demonstrated spectacular spatial resolution, includ-
ing sub-nanometer-resolution Raman mapping[23] and
single-molecule photoluminescence[18], and angstrom-
scale-resolution visualization of vibrational normal
modes[24]. These demonstrations unambiguously sug-
gest that the optical field can be confined within a few
angstroms in diameter and simultaneously possess huge
local enhancement[18]. The physics behind these ob-
servations is, however, beyond the current understand-
ing. Especially, Landau damping (LD) of plasmons
in metal, which accounts for single-electron excitation
by large-wavevector field components[25, 26], imposes a
formidable challenge in achieving extreme localization
and ultrastrong enhancement. Here we report theoreti-
cally on the discovery, characterization and engineering of
optical eigenmodes with the quantum-optical mode vol-
umes down to 0.5 nm3. Such extremely localized modes
(ELMs) originate from resonant accumulation of induced
conduction electrons and currents around the atomic pro-
trusions on a host metallic nanoparticle even though
there is no inner physical boundary between the protru-
sion and host. Moreover, we present a strategy to over-
come LD and reconcile the longtime dilemma of extreme
localization and efficient radiation. Thus the ELMs can
be made bright and readily accessible from the far field
with intensity enhancement up to 4×107 folds. The sce-
nario of having an optical mode with volume about 1
nm3 puts photons on the equal footing with an optical
emitter, venturing into new regimes of optical physics.
II. THEORETICAL FOUNDATION
A rigorous modal analysis of the extremely localized
field is indispensable to understand its mode structure
and enables quantitative evaluation of the localization.
The inherent openness of the modes and absorption of
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2metal require a modal analysis in the framework of quasi-
normal modes (QNMs)[16, 27, 28]. However, modal
analysis for a host nanoparticle with an atomistic pro-
trusion is challenging because it possesses a relatively
large host (∼ 100 nm) and an atomistic feature that is
expected to exhibit quantum and many-body effects of
conduction electrons, such as nonlocal response[10, 29],
electron spillover[30] and LD[25]. Although ab initio
methods or time-dependent density functional theory
(TD-DFT) can correctly describe these effects[19, 31],
they become computationally intractable for nanoparti-
cles larger than a few nanometers. Quantum hydrody-
namic models (QHDMs) can mitigate the issue and de-
scribe microscopic details of macroscopic systems[30, 32–
34]. Notably, recent results of QHDM with appropri-
ate electron kinetic energy approximations and a viscous
stress term agree well with TD-DFT calculations and re-
produce the size-dependent damping rate due to LD[25]
for nanospheres down to 1 nm in diameter[34]. Here we
develop a rigorous QNM method with the incorporation
of conduction electron density and current in metal de-
scribed by self-consistent QHDM.
The conduction electrons are characterized by the
number density n(r, t) and velocity v(r, t). Assuming
weak light excitation, the response of conduction elec-
trons can be treated perturbatively, i.e., n = n0 + n1,
where n1 is the light-induced dynamic electron density
and n0 the stationary density in absence of light excita-
tion. The light-driven electrons lead to a current density
J ≈ n0qev, with qe being the electron charge. Under
the perturbative treatment, a linearized hydrodynamic
equation in frequency domain can be obtained as
(iω˜+γD)J =
qe
me
[
n0qeE− n0∇
(
δG
δn
)
1
+∇ ·←→σ
]
, (1)
where me and γD denote the electron mass and decay
rate, respectively. The second term in the bracket in-
cludes the internal energy functional of the electron liquid
G =
∫
dr g(n). The energy density g(n) = TTF + Tw +
eXC consists of Thomas-Fermi kinetic energy TTF, von
Weizsa¨cker kinetic energy Tw and exchange-correlation
eXC. (· · · )1 means taking the terms linear to n1. Here←→σ
is the viscous stress tensor introduced to describe LD[34].
See Supplementary Note 1 for the explicit expressions of
the above terms. The light-driven conduction current
then serves as a secondary source for the optical field
iω˜ εb(ω˜) E = ∇×H− J− Js. (2)
Here Js is the external source current, and εb(ω˜) is the
background permittivity of the metal which may include
the contribution from bound electrons for noble met-
als like Au (see Methods). We develop a QHDM-based
QNM theory by incorporating equations (1) and (2) in
the formulation[27] (Supplementary Note 1 presents a
comprehensive introduction to the QHDM-based QNM
method). Since QNMs are self-sustained excitations of a
linear open system with poles on the complex frequency
plane as the eigen-frequencies, we employ an iterative
procedure to locate the complex poles ω˜q = ωq + iγq
and obtain the corresponding mode profiles E˜q. To per-
form reliable QHDM and QNM calculations, we apply
an efficient finite element method based implementation
with multiscale meshing (see Methods). The quality
factor and resonant wavelength of the QNM are given
by Qq = ωq/(2γq) and λq = 2pic/ωq with c being the
light speed in vacuum, respectively. Under the quantum-
optical definition[14, 35], the mode volume of a QNM
reads
Vq(r) =
3Qqλ
3
q
4pi2n2d(r)fP,q(r)
, (3)
where fP,q(r) is the Purcell factor contributed by this
QNM and nd(r) is the refractive index of dielectric
medium. The mode volume in equation (3) is position
dependent and we characterize the level of mode local-
ization by its minimum Vm = |E˜q(r)/E˜q(rM)|2 Vq(r) at
rM, where |E˜q| reaches maximum[15, 36]. To obtain
fP,q(r), a dipole source Js is applied to excite the sys-
tem. The resulting electric field at the source position is
expanded according to the Riesz projection procedure[37]
as E(ω) =
∑
l El(ω) + Enr, where the sum accounts for
the contributions of all QNMs involved and Enr is the
remaining non-resonant contribution. Then one obtains
fP,q = −1
2
Re [Eq(ωq) · J∗s ] /P0, (4)
where P0 is the radiation power of Js in vacuum.
III. RESULTS
We begin quantitative discussion with a simple struc-
ture as shown in the inset of Fig. 1a, i.e., an 80 nm
diameter gold nanosphere with a 32 nm diameter flat
bottom, which hosts a cone-shape atomistic protrusion
as depicted in the zoomed-in view. The protrusions un-
der study have the same base diameter of Dp = 1.2 nm
and a varying height of hp = 0.3, 0.6, 0.9 and 1.2 nm.
Complete geometry specifications are indicated in Sup-
plementary Fig. 3. To pinpoint the modal properties, we
calculate the emission enhancement of a vertically ori-
ented dipole source placed 0.5 nm below the protrusion
tip (such dipole position is used throughout the paper).
The color-coded traces in Fig. 1a plot the spectra of
emission enhancement for the above four structures and
the case without a protrusion. With the introduction of
the protrusion, a prominent resonance appears on top
of the response of the host nanosphere and shows red-
shift as the protrusion height increases. The huge emis-
sion enhancement peaks (approaching 107) imply the ex-
istence of a class of ELMs, whose resonant wavelength
doesnt depend on the host particle but instead on the
protrusion shape (Supplementary Note 2). We perform
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FIG. 1. Extremely localized mode (ELM) near an atomistic protrusion of a host nanoparticle. a, Spectra of
emission enhancement for a dipole placed 0.5 nm below a cone-shape protrusion tip shown in the inset and the zoom-in view.
The protrusion has a fixed base diameter of 1.2 nm and a varying height hp. b, ELM field profile in logarithmic scale for
the hp = 0.3 nm case. c, ELM field profile near the protrusion for the hp = 1.2 nm case. d and e, Normalized intensity
distributions at various distances from the tip with hp = 0.3 and 1.2 nm, respectively. f, Spectra of emission enhancement for
three NPoM structures shown in the inset. The dielectric spacer has a refractive index of 1.45. g and h show the mode profiles
in logarithmic scale for the resonances denoted by the arrows in f for hp = 0.3 and 1.2 nm, respectively. i, Field profiles along
the line 0.5 nm above the substrate for all three denoted resonances..
4QHDM-based QNM analysis to identify and character-
ize the ELMs. For the case with the bluntest protru-
sion (hp = 0.3 nm), we find a complex-wavelength pole
at λ˜ = (489 − 43i) nm contributing the vast majority
(∼ 80%) of the emission enhancement. Figure 1b dis-
plays the mode profile in logarithmic scale. The lower
panel shows a zoomed-in view of the field near the pro-
trusion. The other three protrusions all support such
type of modes with the modal field extremely localized
around the protrusion (Supplementary Note 2). Figure
1c depicts the ELM near the hp = 1.2 nm protrusion.
Fine features of the mode profiles are revealed by showing
the normalized intensity distribution at various distances
from the protrusion tip in Fig. 1d and 1e for hp = 0.3
and 1.2 nm, respectively. The profiles for hp = 0.3 nm
are reminiscent of surface plasmon with the maximum
appearing on the metal surface whereas for hp = 1.2 nm
the maximum lies about 0.12 nm away from the metal.
Outside the metal, the smallest spot sizes (full widths at
half maximum) are 0.54 nm at z = 0.14 nm and 0.38 nm
at z = 0.12 nm for hp = 0.3 nm and 1.2 nm, respec-
tively. Our calculations show that the mode volumes for
hp = 0.3, 0.6, 0.9 and 1.2 nm are 2.7, 1.1, 0.70 and 0.59
nm3, respectively.
Having demonstrated the existence of ELMs on a stan-
dalone nanoparticle, we examine the nanoparticle-on-
mirror (NPoM) structure that recently attracts consid-
erable interest[10–12, 17]. As shown in the inset of
Fig. 1f, we study the cases without a protrusion, with
the hp = 0.3 and 1.2 nm protrusions in the dielectric
nanogaps of sizes 1.3, 1.3 and 2.2 nm, respectively. Fig-
ure 1f summarizes the spectra of emission enhancement
for the three cases. The spectra of the NPoM without a
protrusion and with the protrusion of hp = 0.3 nm are
quite flat due to the effect of LD[25]. The recognizable
resonance around 700 nm for hp = 0.3 nm was called the
picocavity mode[17], which is stronger than but similar
in nature to the quadrupolar gap-plasmon resonance of
the no-protrusion case (dashed line). For hp = 1.2 nm,
the situation is very different with a huge enhancement
peak around 780 nm. The resonance shift compared to
the case in Fig. 1a is due to the dielectric spacer and the
gap (Supplementary Note 3). The corresponding mode
profiles for hp = 0.3, 1.2 nm near the protrusion are
displayed in logarithmic scale in Fig. 1g and 1h, respec-
tively. Figure. 1i plots the field profiles along the line
0.5 nm above the substrate for all three cases. While the
field profile for hp = 0.3 nm largely follows the profile
of the no-protrusion case except a small bump due to
the lightning rod effect from the protrusion, the ELM for
hp = 1.2 nm is clearly much more localized. The cal-
culated mode volumes are 310, 74 and 0.47 nm3 for the
no-protrusion, hp = 0.3 and 1.2 nm cases, respectively.
From the examples shown in Fig. 1, one sees that the
ELM exists without the need of an ultrathin gap and
is completely different from the lightning-rod effect en-
hanced gap-plasmon mode.
Next we expound the formation mechanism of ELMs
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FIG. 2. Quasi-normal mode (QNM) analysis for
the protrusion-on-host structure. a, Calculated eigen-
wavelengths of the QNMs for the structure shown in Fig. 1a
with hp = 1.2 nm using four different approaches. The eigen-
wavelengths can be grouped into two categories, i.e., host
modes and ELM. b, Distributions of the induced conduction
current density |J| and electron density |n1| of the ELM in
logarithmic scale calculated via different approaches. c, |J|
and |n1| distributions of the ELM and the gap-plasmon mode
studied in Fig. 1h and 1g, respectively. These calculations
are according to the QHDM-based QNM formulation.
5by examining the on-resonance response of conduction
electrons with methods at different levels of approxima-
tion in treating metal, namely, the classical local re-
sponse approximation (LRA), the hard-wall hydrody-
namic model[38] (HW-HDM, Supplementary Note 4)
and QHDM with/without LD correction. Taking the
hp = 1.2 nm case in Fig. 1a as an example, we per-
form QNM analysis with the above methods and display
the eigen-wavelengths in Fig. 2a. The existence of two
kinds of modes, i.e., the host modes of the nanoparticle
and the ELM, is evident. While all the methods pre-
dict the same eigen-wavelengths for the host modes, the
incongruent predictions for the ELM allude to the crit-
icality of the QHDM treatment. HW-HDM effectively
causes electron spill-in and hence a blueshift of the ELM
resonance by 94 nm compared to the QHDM predictions,
which correctly allow electrons to spill out of the metal
boundary. LRA method, with no electron spill-out/in ef-
fect, produces a blueshift of 31 nm with respect to the
QHDM predictions. As expected, the effect of LD on the
decay rate of ELM is significant and the quality factor of
the ELM is reduced by 3 times.
The induced current and electron density profiles of
the ELM from all the methods are plotted in logarithmic
scale in Fig. 2b. The common feature of these plots is the
localization of the induced current and electron densities
around the protrusion even though there is no inner phys-
ical boundary between the protrusion and host. Despite
the common feature, the QHDM analysis gives the most
rational distributions by allowing the induced current to
fade away outside the geometry boundary. The electron
density distributions exhibit greater difference. Under
LRA, the induced charge density only exists on the sur-
face In contrast, under HW-HDM, the electrons diffuse in
the entire protrusion. The QHDM calculations reinstate
the surface plasmon nature that the induced electrons re-
side in a thin layer and fade away from the boundary. LD
then causes some charge diffusion in the protrusion, con-
sistent with its charge diffusion interpretation[32]. One
learns from these responses that driving the current and
electrons around the protrusion is the pivotal factor in
forming the ELM. Deeper distinction between the ELM
and the gap-plasmon mode with the lightning rod ef-
fect is observed by comparing the response of conduction
electrons. Figure 2c presents the induced current and
electron density distributions for the ELM and the gap-
plasmon mode studied in Fig. 1h and 1g, respectively.
The distributions of the ELM are similar to the case with-
out the gap as shown in Fig. 2b. In stark contrast, the
current and electron densities of the gap mode delocalize
over the metal around the gap despite observable influ-
ences from the lightning rod effect.
Extreme light concentration and high radiation effi-
ciency are two ends difficult to reconcile[25, 39], due to
huge size mismatch with free-space wavelength and LD.
Indeed, the radiative parts of the emission enhancement
from the ELMs in Fig. 1a are barely over 0.001%. To
solve the dilemma, we propose the idea of hybridizing the
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FIG. 3. Radiation efficient ELM via hybridization
with the host mode. a, The schematic diagram of the
nanocone-on-cylinder host antenna and the zoomed-in view
of the hp = 1.2 nm protrusion in Fig. 1. b, Calculated emis-
sion enhancement spectra for the antennas with h = 30, 55, 80
and 120 nm. The full-wave results, separate modal contribu-
tions from the ELMs and host modes, and the reconstruction
are plotted with green circles, solid and black dashed traces,
respectively. The insets display the mode profiles of the two
QNMs with the mode volume and radiation efficiency indi-
cated.
ELM with the host mode such that the radiation rate is
greatly enhanced[40] to outpace or compete with LD. We
explore the idea by designing a gold nanocone host an-
tenna for the hp = 1.2 nm protrusion in Fig. 1a. As
sketched in Fig. 3a, the size of the nanocone is charac-
terized by its height h and it forms a 2.2 nm gap with a
6gold cylinder of 40 nm radius and 105 nm height. The
emission enhancement spectra are calculated and plotted
with green circles in Fig. 3b for antennas with h = 30, 55,
80 and 120 nm. The spectra are reconstructed with the
modal contributions from the ELM and host mode (see
Supplementary Note 5 for the remaining non-resonant
contribution due to LD). The insets display the mode
profiles of the two QNMs for each host antenna struc-
ture with the mode volume and radiation efficiency in-
dicated. For h = 30 and 120 nm, the two QNMs are
distantly separated in the spectra and the interaction is
weak. For h = 55 and 80 nm, the interaction becomes
strong and the consequences are that the ELM sacrifices
a bit confinement whereas the host mode becomes ex-
tremely concentrated to be around 1 nm3. Interestingly
the radiation efficiencies of these hybridized ELMs are
significantly boosted. Strikingly, for h = 80 nm, the ra-
diation efficiency of the main-contributing ELM with a
mode volume of 1.4 nm3 reaches 30%. For h = 55 nm,
the emission enhancement around 808 nm has a radiation
efficiency of 18% and is contributed vastly (∼ 84%) by
an ELM with a mode volume of only 0.78 nm3.
Efficient radiation from an ELM implies it could be
perceived from far-field spectroscopy measurement. To
exploit this possibility, we launch from the far field a fo-
cused radially polarized beam (RPB)[41] to illuminate
the antenna structure shown in Fig. 3b with h = 55 nm
(see Methods). The calculated scattering and absorption
spectra of the antenna with and without the atomistic
protrusion are shown in Fig. 4a. The effect of the pro-
trusion is pronounced with both the scattering and ab-
sorption spectra split into two resonances corresponding
to the two hybridized ELMs. This suggests an efficient
delivery of the far-field optical energy into a tiny space
at resonance. Figure 4b displays the distribution of the
intensity enhancement with respect to the case without
the antenna at the resonant wavelength of 808 nm. The
far-field excitation is effectively concentrated to a vol-
ume of ∼1 nm3 with an unprecedented enhancement up
to 4.0×107. Such tiny and intense hotspot has imme-
diate implications for single-molecule surface-enhanced
Raman scattering[23, 24, 42–46]. An optical mode with
below 1 nm3 volume promises an extremely strong in-
teraction with a single emitter. The coupling strength
with a dipolar emitter can be characterized by the cou-
pling constant[14, 35] g =
√
γ0γqρ(r, ωq)/2, with γq = 74
meV being the decay rate of the ELM at ωq = 1.5 eV and
γ0 = (10 ns)
−1 being the spontaneous decay rate of a typ-
ical emitter. The local density of states ρ(r) can be ap-
proximated by the modal emission enhancement fP,q(r).
Figure 4c maps the coupling constant. The white contour
indicates the strong coupling threshold of g = γq/2 and
the black contour denotes the ultrastrong coupling cri-
terion of g = 0.1ωq. The calculated maximum coupling
energy under electric-dipole approximation reaches 790
meV. The ultrastrong coupling phenomena with single
emitters have mainly been discussed in the microwave
range[47] and now it seems possible with the ELMs at
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FIG. 4. Far-field spectroscopy detection and excitation
of the ELM and prospective ultrastrong light-matter
interaction. a, Calculated scattering and absorption spectra
of antenna structure studied in Fig. 3b with h = 55 nm under
the illumination of a focused radially polarized beam from the
far field. Spectra without a protrusion are shown in dashed
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stant normalized by the ELMs relaxation rate. The plot is in
logarithmic scale and the white and black dashed contours de-
marcate the regions reaching strong and ultrastrong regimes
with an optical dipolar emitter.
optical frequencies.
IV. CONCLUSIONS
We have shown the robust existence of extremely lo-
calized modes around atomistic protrusions of a host
nanoparticle. The predictions from our QHDM-based
QNM analysis are reliable and tolerant to the changes
of various approximations, including the von Weizsa¨cker
parameter in Tw and correlation approximation (Supple-
mentary Notes 6 and 7). The counter-intuitive protru-
sion resonance is crucial for the extreme field localization.
7By outpacing Landau damping through the hybridization
with the host mode, we show that the originally dark
extremely localized modes can be made bright with ra-
diation efficiencies up to 30%, empowering the prospect
of ultrafast and bright light sources, and huge enhance-
ment of various low-cross-section processes such as Ra-
man scattering[43] and nonlinear phenomena[48] under
external far-field excitation. The findings associated with
bright optical eigenmodes with about 1 nm3 mode vol-
ume are extendable to other materials and geometries
and underpin exciting new sciences, for instance, un-
locking forbidden transitions[49], and atomic-scale single-
molecule photochemistry[50].
V. METHODS
Treatment of bound electron response of gold.
Absorption due to interband transitions in noble metals
can be taken into account in the background permittivity
εb(ω˜) as in equation (2)[30, 51]. In particular for gold, the
background permittivity with the bound electron contri-
bution can be extracted from the classical Drude-Lorentz
model
εr =
(
ε∞ +
∆εLω
2
L
ω2L + 2iω˜δL − ω˜2
− ω
2
D
ω˜2 − iω˜γD
)
≡ εb(ω˜) + εD(ω˜)
ε0
(5)
The parameters ε∞ = 5.90, ∆εL = 1.27, ωL = 4.30×1015
rad/s, δp = 3.74×1014 rad/s, γD = 4.11×1013 rad/s and
ωD = 1.30×1016 rad/s are determined by fitting the ex-
perimental data[52]. As shown in Supplementary Fig. 1,
the fitted and experimental complex permittivities agree
very well in the wavelength range of interest (480 nm ∼
1, 000 nm).
Efficient FEM implementation of QHDM. a) 2D
axisymmetric modeling. The nanostructures under
discussion bear cylindrical symmetry, which enables us
to employ 2D axisymmetric modeling to ease the com-
putational demand. Taking an isolated nanosphere with
a protrusion as an example, the stationary and dynamic
equations of QHDM only need to be solved on the cross
section through the z axis as shown in Supplementary
Fig. 2a. In this cross sectional 2D model, the jellium
metal boundary and the zoomed-in protrusion are de-
picted by black and golden lines, respectively. Conduc-
tion electrons typically spill 0.3 nm ∼ 0.4 nm over the
jellium boundary. Thus we set the computation domain
for n1 as indicated by the blue line in the figure, 0.5 nm
beyond the jellium boundary, which is sufficiently large
to obtain converged results. The computation domain for
the stationary electron density n0 is set 5 nm beyond the
jellium boundary, as denoted by the outmost red line in
the figure, to correctly obtain the asymptotic distribution
of n0.
b) Multiscale meshing. A delicate meshing scheme
is necessary to conduct accurate QHDM calculations for
structures with the sizes of a few hundred nanometers
and with sub-nanometer fine features. As shown in Sup-
plementary Fig. 2b, we have applied a multiscale mesh-
ing scheme with the local mesh sizes denoted by dm. In
particular, an extremely fine mesh with dm ≤ 0.03 nm is
used in the immediate vicinity of the metal boundary to
guarantee converged results and correctly capture the ef-
fects of nonlocality, spill-out and LD related to the char-
acteristic Thomas-Fermi screening length λTF of ∼0.1
nm[34]. A mesh size of dm = 0.5 nm is assigned to the
other metal area and near-field regions as indicated in
Supplementary Fig. 2b. For the rest of the computation
domain, a mesh size of dm = 20 nm suffices. The meshes
near the protrusion and metal boundary are showcased
in Supplementary Fig. 2c and 2d. All the QHDM and
QNM calculations are performed in a work station with
25 processors (2.50 GHz) and 256 GB memory.
ELM excitation by a focused RPB. As a far-field
excitation, a focused RPB illuminates upwards from the
dielectric substrate on the antenna structure. The elec-
tric field of the RPB takes the form[53](
Er
Ez
)
= k
∫ θ
0
dαA(α) sinα e−ik0z cosα
×
(
cosαJ1(−kr sinα)
i sinαJ0(−kr sinα)
)
where A(α) = fl sinα e
−(f sinα)2/ω20
√| cosα|2. k =
1.45k0 is the wavevector in the silica substrate. The
focal length fl = 1.8 mm, the beam radius ω0 = 0.82
mm and the maximum angle of incidence of the plane
waves θ = 90◦ are used in the calculations[54]. The inci-
dent focused RPB is first simulated in silica to obtain the
electromagnetic fields (Einc,Hinc). The electric field dis-
tribution Einc is shown in Supplementary Fig. 4a. The
equivalent current sources
Js = −Hinc,φ r̂, Ms = −Einc,r ẑ (6)
are then set on a horizontal surface far below the antenna
structure to simulate far-field excitation in the following
calculations. To find the reference for computing inten-
sity enhancement factor, the focused RPB is next inci-
dent on the bare silica-vacuum interface. The resulting
electric field |Eref | is illustrated in Supplementary Fig.
4b. At last, the antenna on the silica interface is excited
with the focused RPB, leading to the electric field Eexc.
The distribution of the intensity enhancement factor is
computed as |Eexc/Eref |2.
VI. DATA AVAILABILITY
The data that support the plots within this paper and
other findings of this study are available from the corre-
sponding author upon reasonable request.
8ACKNOWLEDGMENTS
We gratefully acknowledge financial support from the
National Natural Science Foundation of China (Grant
Number 11874166, 11604109) and Huazhong University
of Science and Technology.
AUTHOR CONTRIBUTIONS
X.-W.C conceived the concepts behind this research.
X.-W.C and P.Z. designed and supervised the research
project. P.Z., X.-W.C, W.L. and Q.Z. developed the-
oretical formulation, analysis and interpretation. W.L.
and Q.Z. performed the numerical calculations. X.-W.C.
and P. Z. wrote the manuscript with inputs from W.L.
and Q.Z.
COMPETING INTERESTS
The authors declare no competing interests.
ADDITIONAL INFORMATION
Correspondence and requests for materials
should be addressed to X.-W.C or P.Z.
[1] W. L. Barnes, A. Dereux, and T. W. Ebbesen, Nature
424, 824 (2003).
[2] J. A. Schuller, E. S. Barnard, W. Cai, Y. C. Jun, J. S.
White, and M. L. Brongersma, Nature Materials 9, 193
(2010).
[3] A. F. Koenderink, A. Alu`, and A. Polman, Science 348,
516 (2015).
[4] L. Novotny and N. van Hulst, Nature Photonics 5, 83
(2011).
[5] H. T. Miyazaki and Y. Kurokawa, Phys. Rev. Lett. 96,
097401 (2006).
[6] J. Gersten and A. Nitzan, The Journal of Chemical
Physics 73, 3023 (1980).
[7] M. I. Stockman, Phys. Rev. Lett. 93, 137404 (2004).
[8] R. Gordon and A. Ahmed, ACS Photonics 5, 4222 (2018).
[9] J. Kern, S. Großmann, N. V. Tarakina, T. Ha¨ckel,
M. Emmerling, M. Kamp, J.-S. Huang, P. Biagioni, J. C.
Prangsma, and B. Hecht, Nano Letters 12, 5504 (2012).
[10] C. Cirac`ı, R. T. Hill, J. J. Mock, Y. Urzhumov,
A. I. Ferna´ndez-Domı´nguez, S. A. Maier, J. B. Pendry,
A. Chilkoti, and D. R. Smith, Science 337, 1072 (2012).
[11] R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O. A.
Scherman, E. Rosta, A. Demetriadou, P. Fox, O. Hess,
and J. J. Baumberg, Nature 535, 127 (2016).
[12] J. J. Baumberg, J. Aizpurua, M. H. Mikkelsen, and D. R.
Smith, Nature Materials 18, 668 (2019).
[13] I. Epstein, D. Alcaraz, Z. Huang, V.-V. Pusapati, J.-P.
Hugonin, A. Kumar, X. M. Deputy, T. Khodkov, T. G.
Rappoport, J.-Y. Hong, N. M. R. Peres, J. Kong, D. R.
Smith, and F. H. L. Koppens, Science 368, 1219 (2020).
[14] S. Haroche and J.-M. Raimond, Exploring the Quantum:
Atoms, Cavities, and Photons (Oxford University Press,
2006).
[15] A. F. Koenderink, Opt. Lett. 35, 4208 (2010).
[16] P. T. Kristensen and S. Hughes, ACS Photonics 1, 2
(2014).
[17] F. Benz, M. K. Schmidt, A. Dreismann, R. Chikkaraddy,
Y. Zhang, A. Demetriadou, C. Carnegie, H. Ohadi,
B. de Nijs, R. Esteban, J. Aizpurua, and J. J. Baumberg,
Science 354, 726 (2016).
[18] B. Yang, G. Chen, A. Ghafoor, Y. Zhang, Y. Zhang,
Y. Zhang, Y. Luo, J. Yang, V. Sandoghdar, J. Aizpu-
rua, Z. Dong, and J. G. Hou, Nature Photonics (2020),
10.1038/s41566-020-0677-y.
[19] M. Barbry, P. Koval, F. Marchesin, R. Esteban, A. G.
Borisov, J. Aizpurua, and D. Sa´nchez-Portal, Nano Let-
ters 15, 3410 (2015).
[20] S. Trautmann, J. Aizpurua, I. Go¨tz, A. Undisz, J. Del-
lith, H. Schneidewind, M. Rettenmayr, and V. Deckert,
Nanoscale 9, 391 (2017).
[21] M. Urbieta, M. Barbry, Y. Zhang, P. Koval, D. Sa´nchez-
Portal, N. Zabala, and J. Aizpurua, ACS Nano 12, 585
(2018).
[22] H. Ohnishi, Y. Kondo, and K. Takayanagi, Nature 395,
780 (1998).
[23] R. Zhang, Y. Zhang, Z. C. Dong, S. Jiang, C. Zhang,
L. G. Chen, L. Zhang, Y. Liao, J. Aizpurua, Y. Luo,
J. L. Yang, and J. G. Hou, Nature 498, 82 (2013).
[24] J. Lee, K. T. Crampton, N. Tallarida, and V. A. Apkar-
ian, Nature 568, 78 (2019).
[25] J. Khurgin, W.-Y. Tsai, D. P. Tsai, and G. Sun, ACS
Photonics 4, 2871 (2017).
[26] S. Raza, S. I. Bozhevolnyi, M. Wubs, and N. A.
Mortensen, Journal of Physics: Condensed Matter 27,
183204 (2015).
[27] P. Lalanne, W. Yan, K. Vynck, C. Sauvan, and J.-P.
Hugonin, Laser & Photonics Reviews 12, 1700113 (2018).
[28] P. T. Kristensen, K. Herrmann, F. Intravaia, and
K. Busch, Adv. Opt. Photon. 12, 612 (2020).
[29] J. A. Scholl, A. L. Koh, and J. A. Dionne, Nature 483,
421 (2012).
[30] G. Toscano, J. Straubel, A. Kwiatkowski, C. Rockstuhl,
F. Evers, H. Xu, N. Asger Mortensen, and M. Wubs,
Nature Communications 6, 7132 (2015).
[31] J. Zuloaga, E. Prodan, and P. Nordlander, Nano Letters
9, 887 (2009).
[32] N. A. Mortensen, S. Raza, M. Wubs, T. Søndergaard,
and S. I. Bozhevolnyi, Nature Communications 5, 3809
(2014).
[33] K. Ding and C. T. Chan, Phys. Rev. B 96, 125134 (2017).
[34] C. Cirac`ı, Phys. Rev. B 95, 245434 (2017).
[35] F. Marquier, C. Sauvan, and J.-J. Greffet, ACS Photon-
ics 4, 2091 (2017).
[36] G. Kewes, F. Binkowski, S. Burger, L. Zschiedrich, and
O. Benson, ACS Photonics 5, 4089 (2018).
[37] L. Zschiedrich, F. Binkowski, N. Nikolay, O. Benson,
G. Kewes, and S. Burger, Phys. Rev. A 98, 043806
(2018).
9[38] M. K. Dezfouli, C. Tserkezis, N. A. Mortensen, and
S. Hughes, Optica 4, 1503 (2017).
[39] J. T. Hugall, A. Singh, and N. F. van Hulst, ACS Pho-
tonics 5, 43 (2018).
[40] X.-W. Chen, M. Agio, and V. Sandoghdar, Phys. Rev.
Lett. 108, 233001 (2012).
[41] R. Dorn, S. Quabis, and G. Leuchs, Phys. Rev. Lett. 91,
233901 (2003).
[42] H. Xu, E. J. Bjerneld, M. Ka¨ll, and L. Bo¨rjesson, Phys.
Rev. Lett. 83, 4357 (1999).
[43] E. C. Le Ru, E. Blackie, M. Meyer, and P. G. Etchegoin,
The Journal of Physical Chemistry C 111, 13794 (2007).
[44] P. Liu, D. V. Chulhai, and L. Jensen, ACS Nano 11,
5094 (2017).
[45] P. L. Stiles, J. A. Dieringer, N. C. Shah, and R. P.
Van Duyne, Annual Review of Analytical Chemistry 1,
601 (2008).
[46] Y. Yu, T.-H. Xiao, Y. Wu, W. Li, Q.-G. Zeng, L. Long,
and Z.-Y. Li, Advanced Photonics 2, 1 (2020).
[47] A. Frisk Kockum, A. Miranowicz, S. De Liberato,
S. Savasta, and F. Nori, Nature Reviews Physics 1, 19
(2019).
[48] A. V. Krasavin, P. Ginzburg, G. A. Wurtz, and A. V.
Zayats, Nature Communications 7, 11497 (2016).
[49] N. Rivera, I. Kaminer, B. Zhen, J. D. Joannopoulos, and
M. Soljacˇic´, Science 353, 263 (2016).
[50] J. Flick, M. Ruggenthaler, H. Appel, and A. Rubio,
Proceedings of the National Academy of Sciences of the
United States of America 114, 30263034 (2017).
[51] M. Scalora, M. A. Vincenti, D. de Ceglia, and J. W.
Haus, Phys. Rev. A 90, 013831 (2014).
[52] D. R. Lide, CRC Handbook of Chemistry and Physics,
87th ed. (CRC Press, 2006).
[53] S. Quabis, R. Dorn, M. Eberler, O. Glo¨ckl, and
G. Leuchs, Applied Physics B 72, 109 (2001).
[54] X.-W. Chen, V. Sandoghdar, and M. Agio, Opt. Express
18, 10878 (2010).
